The thermal conductivity of as-grown vertical multi-walled carbon nanotubes (CNT) bundles fabricated at low temperature (500 C) was measured using a vertical 3x-method. For this, CNT were selectively grown inside an oxide opening and sandwiched between two metal electrodes. The validity of the method was confirmed by both measurements as simulations. The measured thermal conductivity of 1.7-3.5 W/mK is significantly lower than values reported before, which is caused by the low quality of the tubes. This clearly indicates that tube quality will be essential when integrating CNT. V C 2013 AIP Publishing LLC. [http://dx
Thermal management is a serious issue in modern electronics, hampering their performance and reducing reliability. Vertically aligned carbon nanotubes (CNT) have been suggested as future thermal management material for integrated circuits, both internally in the chip as vertical interconnects (vias), 1,2 as externally as heatsink 3 or thermal interface material (TIM). [4] [5] [6] To allow low-cost integration and optimum thermal contact, it is necessary to grow the CNT directly on the desired location. 7 As the allowed thermal budget for back-end integration is limited, the CNT should be grown at low temperatures ( 500 C). Most data published on the thermal conductivity of CNT are for individual single-walled or multi-walled tubes, [8] [9] [10] [11] [12] [13] with reported values as high as 3000 W/mK for both. For bundles of CNT on the other hand, which are required to obtain a low enough electrical and heat resistance, 2 less data are available. [14] [15] [16] [17] [18] Moreover, the values for the thermal conductivity reported in the literature vary significantly, ranging from 50 to 5800 W/mK, and are generally one order of magnitude lower than those obtained from individual tubes.
Still, while the data on the thermal conductivity for CNT bundles are available, none of the published results represent CNT directly grown at low temperatures, and at the desired location. Most results are obtained from tubes fabricated using arc-discharge, laser ablation, or high temperature (>700 C) chemical vapour deposition (CVD). However, none of these production methods are suitable for the actual fabrication of CNT vias or TIM due to the need of full wafer fabrication and low growth temperatures. In order to investigate the impact of fabrication methods on the CNT thermal properties, and to determine if CNT can actually outperform current metals (e.g. Cu), thermal data on low temperature grown CNT are required.
In this work, we measured the thermal conductivity of vertical CNT bundles manufactured between two metal electrodes. The bundle is grown at low temperature (500 C), and at the desired location using selective growth, requiring no additional process steps after growth except for the top electrode deposition. For the thermal measurements, a vertical 3x-method was employed, the validity of which was verified using finite elements simulations. We found that the thermal conductivity of low-temperature grown CNT is significantly lower than the values obtained for high quality CNT.
The CNT via test structures are fabricated as specified elsewhere. 19 Shortly, 10 cm Si wafers are covered using sputtering by 500 nm Ti, 50 nm TiN, and another 100 nm Ti (which acts as a sacrificial layer). After this, 3 lm of SiO 2 is deposited using plasma enhanced chemical vapour deposition, and contact openings are etched using dry etching. Then, the sacrificial layer is removed using 1 min 0.55% HF wet etching, and the 5 nm Fe catalyst for CNT growth is evaporated and patterned by lift-off. CNT are then grown using low-pressure CVD (LPCVD) at a temperature of 500 C, a pressure of 8 kPa, and using gas flows of 700/50 sccm of H 2 /C 2 H 2 . Next, 100 nm of Ti and 3 lm of Al(1% Si) are sputtered over the CNT bundles and patterned with wet etching. Finally, an etch-back to the first metal layer is performed with dry etching, in order to allow direct electrical contact to the bottom electrode. Fig. 1 displays an overview of the fabrication process.
A typical cross-section of an as-fabricated via test structure made by focused ion-beam (FIB) and a scanning electron microscope (SEM) is shown in Fig. 2 . CNT density is estimated to be $10 11 tubes/cm 2 , while the diameter is between 10 and 20 nm, with an average of 14 nm. 20 The CNT bundle is well-aligned, with a height of 2.6 lm, which is slightly shorter than the oxide thickness. There is a 100-200 nm gap between the CNT bundle. As the pressure during final metallization, which encapsulates the structures, is in the range of a 1 Pa, we can assume these gaps to be vacuum, effectively isolating the tubes from their surroundings.
Thermal characterisation was performed using an adjusted 3x-method. Instead of a horizontal bundle suspended over a vacuum gap, 21 a vertical bundle between two electrodes in a (presumable vacuum) opening was measured. This allows direct measurement of the as-grown vertical bundles. In the 3x-method, a suspended bundle of CNT is excited by a sine current with frequency x, which induces Joule heating in the specimen with a frequency of 2x. The 2x temperature change induces a change in the sample resistance, which interacts with the sine current and creates a third harmonic potential (V 3x ) change depending (in the low frequency limit) on the sample properties by
in which I is the rms current, R is the sample resistance, R 0 is the sample temperature coefficient of resistance (TCR), L is the length of the sample, j is the thermal conductivity, and S is the cross-sectional area of the sample.
For the electrical characterisation of the wafers, a semiautomatic probe station with a temperature controlled chuck and semiconductor parameter analyser were utilized. The same probe station, in combination with a SR830 lock-in amplifier at high dynamic reserve, was used for the thermal characterisation. As current source, we used the reference output of the lock-in amplifier which was converted by a transconductance amplifier similar to the one used by Choi et al. 22 In order to calculate the thermal conductivity of the CNT bundles, first their electrical properties have to be measured. Full-wafer 4-point probe resistance measurements have been performed, as shown before. 23 To determine the TCR, the wafers with CNT bundles were measured on substrate temperatures ranging from 190 C to À35 C. Figure 3 displays the obtained resistances versus substrate temperature, with the resulting TCR calculated using least square fitting of the data.
As can be seen, the TCR of the CNT bundles is negative. For CNT, there are two competing thermal dependent mechanisms that influence the CNT resistance. The first is the phonon scattering length of the electrons, which is proportional to 1/T, and the other is the amount of conduction bands available, which is proportional to T. 24 For our samples, the latter appears to be dominant, resulting in a reduction of CNT via resistance with increasing substrate temperature.
With the resistance and TCR known, the 3x-measurements can be performed. For accurate measurements, it is necessary to select the appropriate excitation frequency and current range for the applied sinusoid current. The frequency has to be selected in a way that the CNT are not excited at a resonant frequency of the circuit, and where the reactance is zero. As is shown in Fig. 4 , the samples show no resonant peaks, due to the excellent shielding of the probe station. The resistance is the most stable in the range of 100 Hz to 10 kHz. The current should be low enough so it does not induce an excessive amount of self-heating in the bundle, which will result in an error due to radiative losses, 21 while still inducing a measurable third harmonic.
In order for Eq. (1) to be valid, the frequency has to be selected in such a way that the measurement is performed in the low frequency limit: k ) L, in which k is the thermal wavelength as specified as k ¼ ffiffiffiffiffiffiffiffiffiffiffi a=2x p , where a is the thermal diffusivity. 21 The mass density of the CNT is estimated to be 261 kg/m 3 by calculating the mass of a single CNT and the bundle density. 25 The specific heat of MWCNT bundles has been shown to be close to that of graphite (0.7 J/gK). 26 If we assume j to be in the range of 1À100 W/mK, then a ranges from 5:5 Â 10 À6 m 2 /s to 5:5 Â 10 À4 m 2 /s. For the length of our CNT bundles (2.6 lm), this would put us in the low frequency limit for frequencies of 1 kHz or lower. Figure 5 displays the measured third harmonic voltage from CNT vias with a width of either 2 lm or 4 lm. The data were fitted to a power-law using least-squares fitting, as indicated by the solid lines. As can be seen, the fitted power-law indices are close to the theoretical value of n ¼ 3. For the 4 lm sample, a clear deviation from the predicted behaviour can be observed for higher currents, which is likely caused by self-heating of the sample. We expect that this is also the cause for the larger deviation from n ¼ 3 of the 2 lm sample. However, at lower currents, the V 3x cannot be accurately measured.
Using the TCR and V 3x measurement data, together with Eq. (1), the thermal conductivities of the CNT inside the bundle can be obtained. The bundle length was set at 2.6 lm. As the CNT bundle is sparse, the actual crosssectional area is not equal to that of the hole etched in the oxide. The following equation was used to determine the crosssectional diameter of the bundle (A CNT;bundle ):
in which d is the average CNT diameter (14 nm), D is the density (10 11 tubes/cm 2 ), and w is the width of the opening. For the measured bundles, this results in a j of 3.5 and 1.7 W/mK for, respectively, the 2 and 4 lm wide bundles.
These values are much lower than values reported before obtained from CNT fabricated at higher temperatures, which are typically tens to many hundreds W/mK. [14] [15] [16] [17] [18] There are several explanations for this. First of all, the measured values include the thermal contact resistance between the metal contact and the CNT bundle. While we found previously that the electrical contact resistance is low, 20 this does not necessarily mean that the thermal contact resistance is low as well. More importantly, the growth temperature used to fabricate these CNT is much lower than those used to fabricate CNT measured before in literature. From Raman spectroscopy and electrical measurements, we estimated the electron mean free path (mfp) to be in the order of 5 nm, 20 much lower than reported values as high as 25 lm. 27 The reported thermal conductivity here is close to those reported before for carbon nanofibres, which indeed were found to have a short phonon mfp of just a few nm, 10 even though our sample consists of CNT as confirmed by TEM analyses elsewhere. 20 Finally, we discuss the validity of our measurement. First of all, no phase change was measured by the lock-in amplifier, confirming the measurement was performed in the low frequency limit. 21 Whereas in regular 3x measurements the CNT (bundle) is orientated horizontally over a gap in vacuum 8, 11, 13, 18 these bundles are vertically oriented between two metal heat sinks and isolated from thermal conduction by a (vacuum) gap. Although the exact orientation of the bundle, of course, does not influence the measurements, the heat sinking properties of the contacts may be different. Equation (1) only holds in case the contacts are thermal sinks at temperature (close to) T 0 . While we can expect this to hold for the bottom contact, as it is in direct contact with the Si bulk, this is not necessarily the case for the top contact.
Finite element simulations were performed by COMSOL MULTIPHYSICS 4.3 to verify the potential increase of temperature of the top contact. A cross-section model was constructed for this, and the thermal conductivity of the CNT bundle was modelled as a solid, with a thermal conductivity determined from the measurements assuming a solid material. This results in a thermal conductivity of about 0.5 W/mK. For all other materials, the bulk conductivities were assumed. Figure 6 displays the simulation results for a 4 lm wide via with a maximum current density equal to an I 0 of 1 mA. As can be seen from Fig. 6(a) , the heat is localized inside the bundle. In Fig. 6(b) , the temperature against time at three different locations (centre of the bundle, top contact 100 nm from bundle, and bottom contact 100 nm from bundle) are displayed. As can be seen, the two contacts only display a minor increase of temperature (<0:1 K), which are moreover close to each other. Finally, the self-heating of the CNT bundle is small. If the current is increased to 2 mA instead, the maximum temperature in the centre increases to 307.5 K and goes up rapidly for even higher currents. This confirms that 
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Vollebregt et al. Appl. Phys. Lett. 102, 191909 (2013) self-heating is most likely the cause of the deviation from n ¼ 3 as observed in Fig. 5 for the 4 lm bundle at higher currents. In summary, vertically aligned carbon nanotubes grown at low temperature (500 C) were thermally characterised. For this, a vertical 3x-method was employed. Both the measurements and simulations point out the validity of this method. The obtained thermal conductivity of individual multi-walled CNT (1.7-3.5 W/mK) was found to be much lower than values reported before in literature for high quality tubes. The low quality of the sample, due to the low growth temperature, is the likely cause of this. This implies that CNT quality will be crucial in order to allow CNT to outperform current materials. Effort should be put in optimizing growth conditions in order to obtain sufficient quality even at low growth temperature.
